We analyzed whether the spatial variation in mammal species richness reflects the southern boundaries of the Nearctic region as previously established by endemism patterns. Records from 710 mammal species were drawn on a map of North America (from Canada and Alaska to Panama) gridded at 4° latitude-longitude. We evaluated the probable existence of unknown species through three richness estimators (Chao2, ICE, and Jack1), modeled the potential distribution of species, and mapped the predicted pattern of species richness through the number of coexisting potential distributions. The poorest grid cells are in the northern areas, whereas the richest ones are in the southern areas, coinciding with the pattern of collecting points. The average richness of 4° grid cells comprising the Nearctic region was 18 species, and the richest 4° grid cells had 150 species, coinciding with the 26° latitude. From the 406 mammal species of the Nearctic region, 104 are restricted to it, and 305 species situated south of it are not distributed in the region. The map of predicted richness shows the classical latitudinal diversity gradient, with the number of species increasing to the tropics. We conclude that the Nearctic region has a low mammal richness, with a richness pattern corresponding with previously described patterns of endemism, with a boundary situated at 26°-30° latitude.
Introduction
The Nearctic region has been delimited since the 19th century, but there are few recent publications regarding its natural boundaries under both ecological and evolutionary biogeographic approaches. Escalante et al. (2010) delineated the boundaries of the Nearctic region based on the endemism patterns of the mammal fauna, concluding that the southern boundary may be located around 30° latitude, but it can extend to 22° latitude, if the Mexican Transition Zone (Morrone 2006 (Morrone , 2010 is included within the region. Recently, other world regionalizations have been proposed using different criteria, such as similarity (Kreft and Jetz 2010) and phylogenetic composition and β diversity (Holt et al. 2013) ; however, as they use clustering procedures, they do not allow to make evolutionary inferences on historical patterns (Kreft and Jetz 2010) , like regionalizations based on endemism (De Candolle 1820 , Escalante 2009 ).
Endemism is a biogeographic pattern that can be complemented with diversity patterns, in order to support more robust biogeographic regionalizations. In general, patterns of species richness are better known than endemism. Although there is some controversy concerning the correspondence between patterns of diversity and endemism, with some authors stating that they are not correlated (Kerr 1997 , Ceballos et al. 1998 and others stating that they coincide (Sandoval 2012) , both patterns can contribute to regional identity. Diversity analyses on complete regions without considering geopolitical boundaries would help obtain a natural biogeographic classification of the Earth, based on biogeographic homology (sensu Morrone 2001) .
Diversity is commonly analyzed through species richness because it is the simplest way to describe community and regional diversity (Magurran 1988) . At regional scales, species richness is named ɛ diversity, while δ diversity is the among-landscape differentiation in a region (similar to β diversity) (Whittaker 1977 , Whittaker et al. 2001 . There are few papers dealing with ɛ diversity; even Tuomisto (2010) suggested that the use of the names δ and ɛ diversities is unnecessary because they are equivalent to β and γ diversities at large scales. It may be relevant to distinguish species richness patterns at different spatial scales to disentangle the relative role of different processes underlying species richness variation. For instance, it has been suggested that historical or evolutionary processes are more determinant at regional scales (Whittaker et al. 2001) . For North American mammals, Rodríguez and Rodríguez-Tapia (2007) analyzed the relationship between scales and diversity gradients, using digitalized distributional maps based on Hall (1981) . They found a latitudinal gradient of species richness at several scales, including a grid of 4° latitude-longitude, which is more evident for bats.
Although mammals are one of the best-studied taxa, the actual species richness of an area can be underrepresented because of the collection effort or overrepresented with traditional distribution maps because they show continuous areas where species may not be present. There are many ways to estimate the species richness of an area through parametric and nonparametric methods, such as rarefaction curves and asymptotic estimators of species richness, through a sample-based protocol (Gotelli and Colwell 2001) . These approaches can be based on incidence data (known presence-absence) of species in samples; when the scales of study are large, these samples can be grid cells. Alternatively, it is possible to estimate the species richness in an area using species distribution models (SDM), through mapping potential areas of occupancy of species based on known localities and environmental variables (see Elith and Leathwick 2009 for a review), and summing up the predicted maps of all species on a single map.
We analyze herein the known species richness based on actual distribution records of species and the predicted species richness based on potential distributional ranges of the mammals of North America (ɛ diversity), in order to compare them with the southern boundaries of the Nearctic region proposed by Escalante et al. (2010) . We intend to determine if the identity of the Nearctic region depends on both endemicity and diversity patterns.
Materials and methods
We compiled a database from different sources for North American mammals, from Alaska and Canada to Panama: GBIF, MaNIS, UNIBIO, Conabio, and Mammex (MamNA; see Escalante and Rodríguez-Tapia 2011) . Records of the database were verified regarding the areas of distribution reported in the literature and Internet portals (Hall 1981 ; http://www.mnh.si.edu/mna/; http://www.natureserve.org/infonatura/; http://www. conabio.gob.mx/informacion/mamiferos/doctos/presentacion.html).
We performed two analyses. First, we mapped the pattern of known species richness for North America from 7° to 70°N latitude and for the Nearctic region (sensu Escalante et al. 2010) , evaluating the possible existence of unknown species through richness estimators. Then, we modeled the potential distribution of mammals in order to map the predicted pattern of species richness.
Known species richness
For the known richness, all records were overlapped to a grid of 4° latitude-longitude covering the study area in geographic projection. This grid cell size corresponds approximately to 444 km by side. Each record was assigned to a grid cell -some records near a grid cell but out of the coastline were assigned to the nearest grid cell in a 10 km ratio -and we counted the number of species in each grid cell. These data were included in a map, and then, we built isolines of richness using the extension 3D Analyst on ArcView 3.1 (Esri 1998 . ArcView 3.1 GIS. Environmental Systems Research Institute, Inc., CA, USA).
Predicted species richness

Asymptotic estimators
We built a matrix of 246 grid cells (samples) vs. species for North America and a matrix of 194 grid cells for the Nearctic region and applied three nonparametric richness estimators [Chao2, incidence-based coverage estimator (ICE), and first-order Jackknife (Jack1); Colwell 2006 , Chao et al. 2009 ] in order to predict, based on the known records, how many more species are expected to exist in North America and the Nearctic region. The nonparametric methods allow to reduce the underestimation associated with the sampling-based richness estimation (Hellmann and Fowler 1999) , and they are also applied to estimations at regional scales (e.g., Folgarait et al. 2005) . The Chao2 estimator takes into account uniques and duplicates (species in only one and two samples, respectively), ICE is based on estimating the sample coverage in a set of replicated incidence samples, and Jack1 considers the species number found only in one sample. The asymptotic estimators were calculated with Estimates v. 8.2.0 (Colwell 2006 . Estimates: statistical estimation of species richness and shared species from samples. Version 8.2.0 Persistent (purl.oclc.org/estimates) CT, USA), with 100 runs and randomization without replacement.
We exported the results of every randomization to Microsoft ® Office Excel to compare estimator performance and obtaining the graphic representation of the asymptotic curves. The estimator performance was obtained using different quantitative measures of bias, precision, and accuracy (Hellmann and Fowler 1999, Walther and Moore 2005) . The bias of an estimator is the difference between the expected value of the estimator and the true species richness value; this measure is expressed as the percent of the real richness (PAR = 100 × SME+100), where SME is the scaled mean error; if PAR > 100%, the richness is overestimated; and if PAR < 100%, the richness is underestimated.
The precision of the estimator can be evaluated by the coefficient of variation (CV) of the average percentage of the true richness. The accuracy of each estimator was assessed by using the scaled mean square error (SMSE); if SMSE is low, it is indicating that, on average, individual predictions are near to real richness values; therefore, the lower SMSE is associated with a lower bias and a higher precision (for calculations, see Walther and Moore 2005) . Accuracy is the most desirable of the three parameters because a highly accurate estimate is neither biased nor highly variable (Hellmann and Fowler 1999 , Walther and Moore 2005 , González-Oreja et al. 2010 .
Species distribution models (SDMs)
SDMs were developed in Maxent 3.1 (Phillips et al. 2006, Phillips and Dudík 2008) for those 653 species that have more than five records in our database. We used four topographic layers and 19 environmental data layers (see Supplementary material Appendix 1) at an ∼2 km of resolution pixel (layers were obtained from http://edc.usgs. gov/products/elevation/gtopo30/hydro/namerica.html and http://www.worldclim.org/; Hijmans et al. 2005) . For each species, 25% of the records was used to validate the model internally. Model success was judged using two criteria: AUC > 0.7 (AUC = area under curve) and p < 0.05 for at least one binomial test, as recommended by Pawar et al. (2007) , both calculated by the program (AUC values are shown in Supplementary material Appendix 2). Models were generated in ascii format and exported directly to ArcView 3.1 (Esri 1998) . To transform probabilistic data to presence/absence data (binary maps, i.e., 1-0), a probability threshold has to be established to the minimum level at which the distributions should be left out. Some methods have been proposed in order to select the best threshold to obtain a binary map for species. They include the minimum (or lowest) training presence, threshold of a particular percentage (10%, 50%, 80%), sensitivity at 95%, some percentile training presence (10, 20), equal training sensitivity and specificity, etc. (see Pawar et al. 2007 for further details). Because of the multiple origin and uncertainty of the records, we refined each model with tenth percentile training presence threshold (following Escalante et al., 2013 ; Supplementary material Appendix 2) and, in some cases, with literature (Hall 1981) and Internet portals (http://www.mnh.si.edu/mna/; http:// www.natureserve.org/infonatura/; http://www.conabio. gob.mx/informacion/mamiferos/doctos/presentacion. html).
Finally, all species distribution models were summed up in order to obtain a unique map of species richness.
Results
Known richness
After a careful review of nomenclature and georeferences, the final database contains 245,818 records corresponding to 710 species belonging to 11 orders (Figure 1) 1857] (Muridae; 3631). The average number of records per species in the database is 346. In the grid of 4°, the richest grid cell has 253 species (the same grid cell with more records), while there are 21 grid cells with a single species, and the average richness per grid cell is 40 species.
It is evident that there is a latitudinal gradient of richness in the study area, where the poorest grid cells are in the northern areas and the richest grid cells are in the southern areas (Figure 2) . We found an ɛ diversity of 406 mammal species within the Nearctic region as defined by consensus area 1 shown in figure 2 in Escalante et al. (2010) . The average richness of grid cells comprising the Nearctic region was 18 species, with a median of 5, where the richest grid cells had 150 species (only two grid cells in the southern area). So, the isoline of richness of 150 species coincides with that boundary, around 26° latitude (Figure 3 ). There are 104 species of the total of 406 species of the Nearctic region that are restricted to it, without reaching the southern areas. Also, 305 species situated south of such boundaries are not distributed in this region.
Predicted richness
The number of species predicted by the three estimators for both matrices is shown in Table 1 . Around 40 and 30 species were predicted as unknown for North America and the Nearctic region, respectively. Almost 22% of species in both areas is considered as rare (unique and duplicate, Supplementary material Appendix 3); it means that they are collected only in one or two samples (grid cells). These species are located mainly in southern Central America (probably continuing their distribution to South America), southern Mexico (Isthmus of Tehuantepec and Chiapas), and Central Mexico. In the Nearctic region, rare species are concentrated on the western coast of the USA, although in low proportion. The Jack1 estimator consistently predicted a species richness greater than the observed species richness and the other nonparametric estimators (Chao2 and ICE).
Jack1 was a biased-estimator for both North America (PAR = 108) and the Nearctic region (PAR = 110). All nonparametric estimators remained at nearly the same level throughout the majority of the grid cells (Figure 4) , but above the observed species richness indicating overestimation (PAR > 100%; Table 1 ). The Chao2 was very near the observed species richness for North America; in contrast, ICE was the value nearest to the observed species richness for the Nearctic region (Figure 4 ). For North America and the Nearctic region, all the estimators had high precision (CV < 10%); however, for both areas, the estimator with the best precision was ICE (CV < 1%; Table 1 ). In North America, Chao2 was the estimator with the 1  9  17  25  33  41  49  57  65  73  81  89  97  105  113  121  129  137  145  153  161  169  177  185  193  201  209  217  225  233  241   Sobs   Chao2   ICE   Jack1   0   200   400   600   800   1000   1200   1400   1600   1800   1  7  13  19  25  31  37  43  49  55  61  67  73  79  85  91  97  103  109  115  121  127  133  139  145  151  157  163  169  175  181  187 best accuracy (SMSE × 100 = 2.82), and the worst was ICE (SMSE × 100 = 8.55); whereas for the Nearctic region, the most accurate estimator was Jack1 (SMSE × 100 = 3.52) and the most inaccurate estimator was ICE (SMSE × 100 = 7.39).
The map of predicted richness shows the classic latitudinal diversity gradient, where the number of species increases to the tropics ( Figure 5) . The 2-km pixel with more species contains 140 species, and it is located in the state of Oaxaca in Mexico. There is a general trend to lower species richness in the Nearctic region ( < 63 species by pixel).
Discussion and conclusion
Known richness
The Nearctic region has been recognized as a poor region in terms of species diversity [v. gr. Sclater (1858) for class Aves], but analyses are lacking on the relationship between knowledge and richness. There is a correspondence between the grid cell with more records and the richest grid cell. We found that the northern part of the Nearctic region is poorly known because of the low number of records. Moreover, Vaughan et al. (2000) mentioned that there are only eight species inhabiting northern North America, all of them registered in the databases, except Dicrostonyx torquatus Pallas 1778, which does not inhabit North America (Wilson and Reeder 2005) and Ursus maritimus Phipps 1774 (without records in our database). This poor knowledge probably represents a real pattern, as foreseen by our predicted richness map. In the south, although it is possible that Central America has more diverse pixels, our analysis was unable to diagnose them, probably due to a poor systematization of collection data or low collection effort, reflected also in the diversity map.
Regarding the species with more records, Tamiasciurus hudsonicus, it has shown to be endemic to the Nearctic region, characterizing it as an area of endemism (Escalante et al. 2010) . The area of distribution of T. hudsonicus extends from Alaska to South Carolina (Wilson and Reeder 2005) . Thomomys bottae is primarily distributed in southwestern USA and northwestern Mexico (Wilson and Reeder 2005) , following a similar pattern to the western pattern of Escalante et al. (2010) , with the southern boundary at 23° latitude in our SDM, included in the Nearctic region. Reithrodontomys megalotis is widely distributed in the USA and Mexico (Wilson and Reeder 2005) , reaching Oaxaca (17° latitude in our SDM), including the Mexican Transition Zone (Escalante et al. 2004 , Morrone 2006 .
Regarding singletons or uniques, they are mostly species smaller than 265 mm of body size. This may suggest that the richness of large mammals is better known than the richness of small mammals. Most of these species belong only to Central America or Mexico, and some extend their distribution to South America; therefore, they are not considered as Nearctic species (see the list of unique and duplicate in Supplementary material Appendix 3). Simpson (1964) represented the species richness of mammals in North America. We can see several differences with respect to our analysis; for example, the number of species is higher in our map because of new knowledge and recent changes in the taxonomic classifications (Reeder et al. 2007 ). Moreover, Simpson (1964) used a grid of 150 miles 2 in a map projected with Lambert's azimuthal equal area projection, being both analyses not totally comparable.
Predicted richness Asymptotic estimators
In the North America and Nearctic region dataset, the three nonparametric species richness estimators differed considerably among each other. They produced different values of estimates and did not stabilize as grid cell numbers increased, showing an overestimation of richness (Figure 4) . Overestimation of Chao2, ICE, and Jack1 estimators generally seems related to the sample size, when the number of samples is insufficient (Walther and Moore 2005 , Colwell 2006 , Chao et al. 2009 ). We recognize that records from some species are not available in the databases consulted by us, or there are unknown species; however, North America has a high number of collecting records (Vaughan et al. 2000 , Global Biodiversity Information Facility 2011 .
In our study, the species richness estimates calculated with three nonparametric estimators provides an interpretation as prediction of potential species richness because these values exceed the observed richness values. The three estimators predicted higher numbers of species, and the estimator curve did not reach the asymptote, showing a poor evidence of stability for the dataset (Figure 4) . Although the curve remained at nearly the same level throughout the majority of the grid cells and did not show evidence of stabilization above or below these values, in the ultimate grid cell, the nonparametric curves was near the observed richness (Figure 4) . Nonparametric estimators, in combination, give values of species richness that should also predict upper and lower boundaries of species richness (Toti et al. 2000) . Hence, considering that a highly accurate estimate is neither biased nor highly variable (Hellmann and Fowler 1999 , Walther and Moore 2005 , González-Oreja et al. 2010 , our results suggest that for North America and the Nearctic region, Chao2 (SMSE × 100 = 2.82) and Jack1 (SMSE × 100 = 3.52), respectively, would be indicating the upper limit of species richness for the two areas (Table 1) .
The values of richness obtained with the estimators for North America (Chao2 = 753 species estimated and 710 species observed) and the Nearctic region (Jack1 = 457 species estimated and 406 species observed) demonstrate that there are differences in the richness of both areas, there are 296 species that exceed the richness of the Nearctic region, which is related to the presence of the Mexican Transition Zone and the inclusion of a portion of the Neotropical region, because we considered North America extending as south as Panama (Escalante et al. 2004 , Morrone 2006 . We believe that is necessary to explore this issue more exhaustively, for example, changing the size of the grid cells or using natural polygons because the performance of the three nonparametric estimators depend on the total species richness, sample size, and variables that change the aggregation of individuals within samples (Colwell and Coddington 1994 , Gotelli and Colwell 2001 , Walther and Moore 2005 , Chao et al. 2009 ).
It is possible that new species will be described for some areas with documented rare species, where collection efforts have been poor or where the presence of sister species has been predicted. In the Nearctic region, this can occur in the southern boundary of the region or in the western coast of USA, coinciding with the area of endemism of Escalante et al. (2010) because there are uniques and duplicates in these areas.
Species distribution models
There are many explanations for the latitudinal diversity gradient. Kerr and Packer (1997) postulated that the mammal richness in northern North America (Alaska and northern Canada) is more related to energy availability limits, whereas habitat heterogeneity is more relevant in southern Canada and the USA. The map of Kerr and Packer (1997) shows a line of 1000 mm year -1 of potential evapotranspiration, similar to the Northern pattern of Escalante et al. (2010) and our isoline of 40 species. Moreover, around the line of 1500 m of topographic heterogeneity of Kerr and Packer's (1997) map lies the boundary between the western and eastern patterns of Escalante et al. (2010) and our isoline of 70 species. This highlights the existence of common grounds for ecological and evolutionary biogeographic patterns.
Other more recent explanations suggest that, for example, for birds of Africa (Jetz et al. 2004) , altitudinal range and low seasonality are the main environmental predictors for centers of narrow-ranged species (named 'centers of endemism'). In North America, richness and areas of endemism may relate also with altitude, mainly between the western and eastern patterns of Escalante et al. (2010) , whose boundary lies at 100° longitude. Western North America reaches altitudes above 1000 m a.s.l., whereas eastern is below that altitude (USGS elevation data, http://eros.usgs.gov/#/Find_ Data/Products_and_Data_Available/gtopo30/hydro/ namerica). For South America, the diversity of birds is very complex to explain (Rahbek et al. 2007) , and this fact probably is repeated for montane areas of North America. Furthermore, it will be necessary to compare the diversity patterns with other regions in the same hemisphere (like the Palearctic region) because they may represent other patterns than the monotonous latitudinal gradient (see Jetz et al. 2012) .
Comparisons regarding other taxa from the Nearctic region are difficult to make because the boundaries of the region vary between different analyses, so they might not be comparable. Duellman and Sweet (1999) analyzed the distributional patterns of amphibians in the Nearctic region (North America to northern Mexico, including Baja California peninsula, Sonoran and Chihuahua deserts and Tamaulipas coastal plains), finding 241 native species, where the number of species in each one of five physiographic provinces analyzed was similar (80-90 species), except for the Lauratian Upland province, which was the poorest. The Lauratian Upland province is similar to the northern pattern of Escalante et al. (2010) , where the diversity for mammals is also low (isoline of 10-20 species). On the other hand, the Atlantic Coastal Plain was the province with more species by area (Duellman and Sweet 1999) ; it corresponds to the coast of the eastern pattern of Escalante et al. (2010) , but it does not represent a high richness area for mammals.
Patterns of diversity and endemism have been rarely contrasted; moreover, it is controversial whether these patterns are complementary, contradictory, or coincide. North America shows a poor effort of collecting in the north, but probably is due to a poor systematization of collection data. Moreover, similar studies should be performed using another grid cell or natural polygons as physiographic provinces. The analysis of ε diversity of the Nearctic region shows a low richness region, with a latitudinal pattern from north to south, corresponding with patterns of endemism previously shown by Escalante et al. (2010) . For the mammals of the Nearctic region, the biogeographic patterns result from ecological and evolutionary processes, so explanations using an integrative approach are necessary to account for their causes.
